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Summary
Soluble guidance cues can direct cellular protrusion and
migration by modulating adhesion and cytoskeletal
dynamics. Actin filaments (F-actins) polymerize at the
leading edge of motile cells and depolymerize proximally
[1, 2]; this, together with myosin II activity, induces retro-
grade flow of F-actins [3-5]. It has been proposed that the
traction forces underlying cellular motility may be regulated
by the modulation of coupling efficiency between F-actin
flow and the extracellular substrate via ‘‘clutch’’ molecules
[6-10]. However, how cell signaling controls the coupling
efficiency remains unknown. Shootin1 functions as a linker
molecule that couples F-actin retrograde flow and the
substrate at neuronal growth cones to promote axon
outgrowth [11]. Here we show that shootin1 is located at
a critical interface, transducing a chemical signal into trac-
tion forces for axon outgrowth.We found that a chemoattrac-
tant, netrin-1, positively regulates traction forces at axonal
growth cones via Pak1-mediated shootin1 phosphorylation.
This phosphorylation enhanced the interaction between
shootin1 and F-actin retrograde flow, thereby promoting
F-actin-substrate coupling, force generation, and concomi-
tant filopodium extension and axon outgrowth. These
results suggest that dynamic actin-substrate coupling can
transduce chemical signals into mechanical forces to
control cellular motility and provide a molecular-level
description of how this transduction may occur.
Results and Discussion
To analyze the regulation of mechanical forces in motile cells,
we studied axonal growth cones of cultured rat hippocampal
neurons. Recent experiments have shown that directional
traction forces are generated by growth cones [12, 13]. In
addition, growth cones respond to netrin-1, thereby pro-
moting axon outgrowth [14, 15]. Consistent with previous
reports [14, 16, 17], stimulation of hippocampal neurons by
netrin-1 bath application promoted activation of the Rho
family small GTPases Cdc42 and Rac1 (see Figure S1A avail-
able online), filopodium extension (Figure S1B), and axon
outgrowth (Figure S1C). A recent study showed that*Correspondence: ninagaki@bs.naist.jpsubstrate-bound netrin-1 can induce the generation of trac-
tion forces by spinal commissural neurons [18]. However, we
could not observe a comparable promotion of axon outgrowth
by netrin-1 preabsorbed to the substrate (Figure S1D), sug-
gesting that the effects observed here were mediated mainly
by soluble netrin-1. To test the possibility that netrin-1 might
regulate traction forces for filopodium extension and axon
outgrowth, we measured the traction forces generated by
axonal growth cones using traction force microscopy
[12, 19]. Hippocampal neurons were cultured on L1-CAM-
coated polyacrylamide gels embedded with 200 nm fluores-
cent beads. Traction forces under the growth cones were
monitored by visualizing force-induced deformation of the
elastic substrate, which is reflected by displacement of the
beads from their original positions. As reported previously
[12], the reporter beads under the growth cones moved
dynamically toward the center in a ‘‘load-and-fail’’ manner
(Figure 1A; Movie S1). Directional movement of the beads
was detected mainly under the peripheral region of the growth
cones, where the distal part of F-actin flow was observed (Fig-
ure S1E). As the displacement of individual beads showed
dynamic fluctuation, we calculated average stress and peak
stress under the growth cones during 125 s observations.
Consistent with the previous study [12, 13], histogram analysis
showed a wide range of average and peak stresses (Figures
1B and 1C). However, statistical analysis revealed that both
increased significantly after netrin-1 stimulation (Figures 1B
and 1C). We also analyzed the orientation and the magnitude
of the vector of the net force under the growth cones (Fig-
ure 1D). The net force was oriented toward the rear of the
growth cones, consistent with the notion that it serves as
the traction force for axon outgrowth. The magnitude of the
net force increased markedly after netrin-1 treatment,
whereas its orientation did not change significantly, indicating
that the external signal netrin-1 positively regulates traction
forces at growth cones.
To elucidate the molecular mechanism by which netrin-1
enhances these traction forces, we focused on p21-activated
kinase 1 (Pak1) [20] and shootin1 [21]. Pak1 is a downstream
effector kinase of Cdc42 and Rac1, and is involved in axon
outgrowth and cell migration [22, 23]. Shootin1 functions as
a linker molecule to promote axon outgrowth by coupling
F-actin retrograde flow and the extracellular substrate,
via L1-CAM, at axonal growth cones [11]. By mass spectrom-
etry, we identified several possible phosphorylation sites in
shootin1; two of them, Ser101 and Ser249, were conserved
consensus phosphorylation sites for Pak1 (Figure S2A).
In vitro kinase assays demonstrated that Pak1 phosphorylates
shootin1 directly at both Ser101 and Ser249 (Figures S2B and
S2C). We raised antibodies that recognize the phosphorylated
residue at each site to analyze their intracellular phosphoryla-
tion status. In cultured neurons, shootin1 phosphorylation at
both Ser101 and Ser249 increased markedly upon ectopic
expression of a constitutively active Pak1 (CA-Pak1), while
inhibition of endogenous Pak1 by its dominant negative form
(DN-Pak1, AID) reduced the phosphorylation levels of both
residues (Figure S2D). Expression of constitutively active
Cdc42 and Rac1 also promoted shootin1 phosphorylation,
Figure 1. Netrin-1 Positively Regulates Traction Forces at Growth Cones
(A) Fluorescent images (upper panel) showing an axonal growth cone of a DIV2 neuron expressing GFP and cultured on L1-CAM-coated polyacrylamide gel
embedded with 200 nm fluorescent beads. The pictures show representative images from time-lapse series taken every 2.5 s for 125 s before (control) and
60min after netrin-1 (300 ng/ml) stimulation (seeMovie S1). The original and displaced positions of the beads in the gel are indicated by green and red colors,
respectively. The bead displacements are also indicated by red bars. Dashed lines indicate the boundary of the growth cone. The kymographs (lower panel)
along the axis of bead displacement (white dashed arrows) at the indicated areas 1 and 2 of the growth cone showmovement of beads recorded every 2.5 s.
The original positions of the beads determined after the experiment (Ref) are indicated by red dashed lines. The bead in area 2 is a reference bead.
(B and C) Histogram (left) and statistical analyses (right) of the average stress (B) and peak stress (C) under growth cones before or after 60 min netrin-1
stimulation.
(D) Angle (q) and magnitude of the net force under axonal growth cones before or after netrin-1 stimulation.
Data in (B)–(D) represent means 6 SEM; ***p < 0.01; **p < 0.02; ns, nonsignificant.
A totally 12 growth cones were examined. Scale bar in (A) represents 5 mm.
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530but that of RhoA did not (Figure S2E). Furthermore, netrin-1
stimulation increased the phosphorylation of shootin1 at
both sites (Figure 2A), and this was also abolished when
endogenous Pak1 was inhibited by DN-Pak1 (Figure 2B).Thus, netrin-1, via activation of Cdc42 and Rac1, upregulates
Pak1-mediated shootin1 phosphorylation.
Immunocytochemical analysis showed that phosphorylated
shootin1 accumulated to a high level in filopodia and
Figure 2. Netrin-1 Induces Pak1-Mediated Shoo-
tin1 Phosphorylation, which in Turn Enhances the
Interaction between Shootin1 and F-actin Retro-
grade Flow at Axonal Growth Cones
(A) DIV2 neurons were treated with 300 ng/ml
netrin-1. Cell lysates were then analyzed by
immunoblot with anti-pSer101-shootin1, anti-
pSer249-shootin1, and anti-shootin1 antibodies.
(B) Neurons expressing AID-L107F (control) or
AID (DN-Pak1) were treated with netrin-1 for
60 min and examined by immunoblot.
(C) Fluorescence images of an axonal growth
cone costained with anti-pSer249-shootin1 anti-
body (green), Alexa-594 phalloidin (red), and
anti-b3-tubulin antibody (blue).
(D) Fluorescent speckle images of EGFP-
shootin1-WT, EGFP-shootin1-DD, and EGFP-
shootin1-AA in axonal growth cones (see Movie
S2). Kymographs of the indicated rectangular
regions at 5 s intervals are shown to the right
(flows of shootin1 speckles are indicated by
dashed yellow lines). Data in (A) represent
means 6 SEM; ***, p < 0.01; **, p < 0.02; *, p <
0.05. Scale bars in (C and D) represent 5 mm.
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531lamellipodia of axonal growth cones, where F-actin retrograde
flow and traction forces were observed [11, 12] (Figure 2C). To
examine the correlation between the shootin1 phosphoryla-
tion and its interaction with F-actin, we performed fluorescent
speckle microscopy, which can detect molecules attached to
F-actin retrograde flow as moving speckles [11, 24]. We
produced phosphomimic shootin1 (shootin1-DD), in which
both Ser101 and Ser249 were replaced by aspartate, and un-
phosphorylated shootin1 (shootin1-AA), where these residues
were replaced by alanine. Neurons expressing EGFP-labeled
wild-type shootin1 (shootin1-WT) and shootin1-DD displayed
fluorescent speckles, which moved retrogradely at the periph-
eral region of growth cones (Figure 2D; Movie S2). The veloci-
ties of shootin1-WT and shootin1-DD retrograde flow were
3.6 6 0.9 mm/min (mean 6 SD, n = 25) and 3.4 6 0.9 mm/min
(mean 6 SD, n = 31), respectively. Their speed was similar to
that previously reported for F-actin [11], indicating that WT
and phosphomimic shootin1 interact with F-actin retrograde
flow. In contrast, EGFP-labeled unphosphorylated shootin1
showed a diffuse distribution throughout growth cones,
without forming retrograde speckle signals (Figure 2D;
Movie S2). Furthermore, inhibition of Pak1-mediated shootin1
phosphorylation byDN-Pak1 significantly decreased the local-
ization of endogenous shootin1 to axonal growth cones
without affecting the amount of F-actin (Figure S2F), thereby
suggesting its dissociation from F-actin. Together, these
results suggest that Pak1-mediated phosphorylation en-
hances the association of shootin1 with F-actin retrograde
flow at growth cones.
We next examinedwhether the dynamic interaction between
shootin1 and F-actin flow can regulate F-actin-substrate
coupling (clutch engagement [2, 10]) and the transmission of
traction forces. The F-actin retrograde flow is driven by both
myosin II activity and actin polymerization at growth cones
[5]. Clutch engagement is thought to transmit the forces ofF-actin retrograde flow to the substrate;
this engagement would also reduce the
speed of the F-actin retrograde flow,
converting actin polymerization into
protrusion of the leading edge [2, 10].To examine the involvement of the Pak1-regulated interaction
between shootin1 and F-actin flow in clutch engagement,
we analyzed F-actin retrograde flow by speckle microscopy
[11, 24]: the flow velocity was monitored by kymograph
analysis of mRFP-actin speckles in filopodia and lamellipodia
(Figure 3A; Movie S3). In control growth cones, actin speckles
moved retrogradely at 4.46 1.1 mm/min (mean6 SD, n = 188),
as reported previously [11]. Consistent with the role of shoo-
tin1 as a linker molecule, reduction of shootin1 expression
by RNAi increased the velocity of F-actin flow (Figures 3A
and 3B), reflecting increased slippage of the clutch engage-
ment (Figure S3A; see also Supplemental Results and Fig-
ure S3B) [2, 10]. Netrin-1 stimulation significantly decreased
the velocity of F-actin flow, yet increased it when shootin1
expression was reduced (Figures 3A and 3B), suggesting
that netrin-1 promotes clutch engagement that is dependent
on shootin1 (for a detailed explanation for the reversal effects
of netrin-1, see Supplemental Discussion and Figures S3A and
S3C). Consistent with the involvement of shootin1 in netrin-1-
mediated clutch engagement, shootin1 RNAi also decreased
the netrin-1-mediated promotion of traction forces at growth
cones (Figure 3C). Inhibition of endogenous Pak1 activity by
DN-Pak1 increased the velocity of F-actin flow (Figure 3D)
and decreased the traction forces (Figure 3E), indicating
that Pak1 contributes to clutch engagement and force trans-
mission. Furthermore, coexpression of the phosphomimic
shootin1-DD rescued the effects of DN-Pak1, whereas coex-
pression of shootin1-WT partially rescued the effect of
DN-Pak1 on peak stress but not on F-actin flow or average
stress (Figures 3D and 3E). Myosin II activity in growth cones
promotes F-actin retrograde flow [5] and is involved in ne-
trin-1-mediated growth cone collapse and axon repulsion of
cranial motor neurons [25]. In addition, L1-CAM on the growth
cone membrane constitutes a component of the clutch
system [11]. However, netrin-1 stimulation, Pak1 inhibition,
Figure 3. Pak1-Mediated Shootin1 Phosphoryla-
tion Promotes Clutch Engagement and Trans-
mission of Traction Forces at Axonal Growth
Cones
(A) Fluorescent speckle images of mRFP-actin
at axonal growth cones expressing control
miRNA (seeMovie S3) or miRNA against shootin1
(shootin1 RNAi) in the presence or absence of
300 ng/ml netrin-1. Kymographs of mRFP-actin
speckles in filopodia at 5 s intervals are shown
to the right (F-actin flows are indicated by dashed
yellow lines).
(B) F-actin retrograde flow rate in filopodia and
lamellipodia measured by kymograph analysis
in (A) (671 speckles were examined).
(C) Neurons expressing control miRNA or shoo-
tin1 miRNA were cultured on polyacrylamide
gels containing 200 nm fluorescent beads in
the presence or absence of 300 ng/ml netrin-1
for 60 min. Average stress and peak stress
were calculated from displacement of beads
under the growth cones (26 growth cones were
examined).
(D) F-actin retrograde flow rate in filopodia and
lamellipodia measured in neurons coexpress-
ing AID-L107F (control) or AID (DN-Pak1) with
shootin1-WT or shootin1-DD (686 speckles
were examined).
(E) Neurons coexpressing AID-L107F or AID with
shootin1-WT or shootin1-DD were cultured on
polyacrylamide gels containing fluorescent
beads, and average stress and peak stress
were measured (65 growth cones were exam-
ined). Data in (B)–(E) represent means 6 SEM;
***p < 0.01; **p < 0.02; ns, nonsignificant. Scale
bars represent 5 mm.
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532or shootin1 RNAi did not alter myosin II activity or L1-CAM
surface expression (Figures S3D and S3E). It is therefore
unlikely that netrin-1 upregulates the traction forces at
growth cones through the regulation of myosin II activity or
L1-CAM surface expression. Together, these data suggest
that netrin-1- and Pak1-mediated shootin1 interaction with
F-actin flow promotes clutch engagement and concomitant
formation of traction forces at axonal growth cones.
Finally, we asked whether filopodium extension and axon
outgrowth depend on the clutch engagement and force trans-
mission regulated by Pak1-mediated shootin1 phosphoryla-
tion. In agreement with previous work [11], inhibition of clutch
engagement by shootin1 RNAi reduced the filopodium and
axon lengths (Figure 4A; Figure S4A). In addition, this treatment
significantly decreased netrin-1-promoted filopodium exten-
sion and axon outgrowth (Figure 4A; Figure S4A). Expression
of RNAi-refractory WT and phosphomimic shootin1 rescued
the reduction of filopodium and axon length by shootin1
RNAi, but unphosphorylated shootin1 had no effect (Figure 4B;
Figure S4B). Furthermore, a decrease in clutch engagement by
DN-Pak1 significantly suppressed filopodium extension and
axon outgrowth, and this effect was rescued by expression
of the phosphomimic shootin1, but not by WT shootin1 (Fig-
ure 4C; Figure S4C). Thus, clutch engagement and force trans-
mission enhanced by Pak1-mediated shootin1 phosphoryla-
tion upregulates filopodium extension and axon outgrowth.
Together, these results show that the dynamic interaction
between shootin1 and F-actin, which is regulated by Pak1-
mediated shootin1 phosphorylation, transduces a chemicalsignal into traction forces for axon outgrowth (black, blue,
and green arrows, Figure 4D). Pak1 is known to regulate
a variety of other downstream molecules [26]. However, the
effects of DN-Pak1 on F-actin flow (Figure 3D), traction force
(Figure 3E), filopodium extension (Figure S4C), and axon
outgrowth (Figure 4C) were all rescued by the phosphomimic
shootin1, indicating a core role for shootin1 phosphorylation
by Pak1 in these Pak1-mediated processes. Cdc42 and
Rac1, which are located upstream of Pak1, are known to
play key roles in the regulation of cell motility under various
external signals [1, 27, 28]. It is notable that Cdc42 and
Rac1 promote actin polymerization at the leading edge [1, 2,
29–31], which is required to induce F-actin retrograde flow
[1, 2, 5] (red arrows, Figure 4D). These two processes may
work coordinately to effectively regulate mechanical forces
for cell motility.
The present model may explain axon guidance mediated by
the DCC (deleted in colorectal cancer) and UNC-5 families of
netrin-1 receptors [32, 33]. DCC mediates activation of mole-
cules including Cdc42, Rac1, and Pak1 [16] and promotes
axon outgrowth and attraction, whereas axon repulsion
involves the activation of UNC-5, RhoA, Rho-kinase, myosin
light chain kinase, and myosin II [25]. In the case of netrin-1-
induced axon attraction, asymmetric activation of DCC on
growth cones would lead to the local activation of Cdc42,
Rac1, and Pak1. This would in turn promote shootin1 phos-
phorylation, clutch engagement, and an increase in traction
force on the side of netrin-1 stimulation for axon attraction
(Figure S4D). On the other hand, how UNC-5 and its
Figure 4. Pak1-Mediated Shootin1 Phosphoryla-
tion Promotes Filopodium Extension and Axon
Outgrowth
(A) Neurons expressing control miRNA or shoo-
tin1 miRNA were incubated with BSA (control)
or 300 ng/ml netrin-1 for 60 min or 24 hr. Filopo-
dium length at axonal growth cones (after
60 min) and axon length (after 24 hr) were then
analyzed (n = 3, 976 filopodia and 908 axons
were examined). The neuronal morphology was
analyzed at DIV2.
(B and C) Neurons coexpressing control miRNA
or shootin1 miRNA with an RNAi-refractory
mutant of shootin1 (WT, DD, or AA) (B), or coex-
pressing AID-L107F (control) or AID (DN-Pak1)
with shootin1-WT or shootin1-DD (C), were
cultured for 24 hr. Axon length was then analyzed
(n = 3, 908 axons were examined for B and 1,893
axons were examined for C). Data in (A) and (C)
represent means 6 SEM; ***p < 0.01; **p < 0.02;
*p < 0.05; ns, nonsignificant.
(D) A model for signal-force conversion for axon
outgrowth. Netrin-1, via activation of DCC (ne-
trin-1 receptor), Cdc42, and Rac1, induces
Pak1-mediated shootin1 phosphorylation (black
arrows), thereby enhancing clutch engagement
through shootin1-F-actin interaction (blue arrow).
Clutch engagement converts the F-actin flow
(yellow arrows) into traction forces exerted on
the substrate (green arrows). This engagement
also reduces the speed of the F-actin flow, con-
verting actin polymerization into protrusion of
the leading edge (gray arrow). Clutch engage-
ment (blue arrow) and Cdc42- and Rac1-induced
actin polymerization (red arrows) may work coor-
dinately to effectively regulate mechanical forces
for cell motility.
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533downstream molecules may regulate traction force is more
elusive. However, because RhoA is known to inhibit Rac1
[34], we expect that local activation of RhoA would inhibit
clutch engagement and decrease traction force on the side
of netrin-1 stimulation. This, together with myosin II activation,
might effectively retract the stimulated side of growth cones
and thus cause axon repulsion. We do not rule out the involve-
ment of other molecules in coupling the actin filament flow to
the substrate. Other pathways may also participate in the
regulation of traction forces. In addition, the mechanical
properties of the cellular substrates may influence the effect
of netrin-1 signaling, in the same way as they are reported to
modulate clutch coupling efficiency [12]. The details of how
traction forces are regulated for axon attraction and repulsion
remain important issues for future investigation.
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